Ultrafine-grained specimens with the average grain size of less than 2 µm and mediumgrained specimens were prepared from steel plates produced by an advanced thermomechanical control process. The smooth specimens were fatigued under axial tension compression at room temperature in air. The fatigue crack initiation process was investigated by orientation imaging microscopy based on EBSP in combination with atomic force microscopy and scanning electron microscopy. The results show that fatigue cracks initiated in the simple slip lines in the medium-grained specimens. On the other hand, in the ultrafinegrained specimens, complex slip deformation was formed in the vicinity of the grain boundaries prior to the fatigue crack initiation. Fatigue cracks were nucleated at the boundary between the grains with the concentrated complex slip deformation. The crystallographic orientation analysis revealed that the complex slip deformation was formed by the cross slip of active slip systems with the largest Schmid factors. It was found that the relation between the fatigue limit and grain size of the ultrafine-grained specimens does not conform to the Hall-Petch relation of conventional ferritic-pearlitic steel due to the texture and cross slip.
Fatigue Crack Initiation Behavior in Ultrafine-Grained Steel
Observed by AFM and EBSP
Introduction
Grain refinement is recognized as one of the most effective means to meet the needs for strengthening and functionalization of materials by increasing both strength and toughness. While strengthening by the addition of alloying elements or the composition of reinforcing materials generally results in the increase in the production cost and decrease in the weldability and recyclability, grain refinement is superior in these respects because it is applicable to conventional materials such as steel. Most of the researches have focused on the metallurgical aspects of the fine-grained materials due to the difficulties in the manu-facturing process. It has, however, become important to clarify the fatigue properties of the fine-grained materials for the practical application.
Steel plates with ultrafine-grained surface layers, called SUF plates, exhibit excellent crack arrestability against brittle fracture. They have already been put into practical use as the structural components of ships to prevent them from unexpected catastrophic fracture (1) . SUF plates are produced by an advanced thermo-mechanical control process to yield ultrafine-grained surface layers with the average grain size of less than 2 µm and relatively coarse microstructure in the intermediate region.
Though the fatigue properties of SUF plates have been reported to be excellent as well (2) , (3) , the mechanism of the improvement especially in the ultrafine-grained surface layer has not yet been clarified. Because most of fatigue life of smooth specimens is consumed by the crack initiation and early propagation of small cracks on the material surface, it is important to investigate the effect of the ultrafine grains and the microstructure on the fatigue damage. Atomic force microscopy (AFM) will be a powerful tool to investigate the crack initiation process in the ultrafine-grained material because the observation of the plastic sheets replicated from the specimen surface is difficult by scanning electron microscopy (SEM) in the order of nanometer due to the damage by the electron beam and the coating. AFM observations also enable us to study the fatigue crack initiation process based on the threedimensional measurement of the specimen surface (4) - (6) . The initiation of fatigue damage is slip deformation based on dislocation, which is heavily dependent on the crystallographic orientation of the grain. For the detailed investigation on the fatigue damage nucleation, orientation imaging microscopy based on electron backscatter diffraction pattern (EBSP) is considered to be the most effective technique because other methods, such as the etch-pit method, are hardly applicable to the material with the grain size of less than 2 µm.
In this study, fatigue tests were conducted on smooth specimens prepared from the ultrafine-grained surface layer and the medium-grained intermediate region of SUF steel plates. The fatigue crack initiation process was investigated by the combination of AFM, SEM and orientation imaging microscopy based on EBSP. The effect of the grain size and microstructure on fatigue damage nucleation was clarified based on the detailed surface observation and analysis of the crystallographic orientation.
Experimental Procedure

1 Materials and specimens
The advanced thermo-mechanical control process, where accelerated cooling during the rolling of steel plates was followed by controlled rolling in the reheating process, was employed to yield ultrafine grains on the surface layers with the thickness of 7 mm on the both sides of a 50-mm-thick steel plate. The schematic of SUF plates with the rolling direction is shown in Fig. 1 . The axes L, T and S are the rolling direction, the transverse direction and the direction of the plate thickness, respectively. The chemical compositions are presented in Table 1 . The SEM Fig. 1 Schematic of SUF plates and specimen orientation Table 1 Chemical compositions (Mass%) images of the electrolytically polished specimen surfaces of the ultrafine-grained surface layer, hereafter denoted as UF, and the medium-grained intermediate region, M, are shown in Fig. 2 . The elongation of the grain in the rolling direction is prominent in UF. UF specimens consist of ferrites and cementites dispersed at grain boundaries (7) , whereas an M specimen is composed of ferrites and pearlites. The mechanical properties and grain size are presented in Table 2 . The yield stress, tensile strength and fatigue limit of smooth specimen are denoted as σ Y , σ B and σ W0 , respectively. Grain sizes d S , d T and d L correspond to the average grain length parallel to the axes S, T and L. Specimens were prepared from the ultrafinegrained surface layer and medium-grained intermediate region with the rolling direction parallel to the loading axis as shown in Fig. 1 by electrical discharge machining followed by electrolytic polishing in the dimension shown in Fig. 3 . 
2 Fatigue test and AFM observation
Fatigue tests were conducted by a servo-hydraulic testing machine (Shimadzu: ServoPulser 4825) under cyclic axial loading with the stress ratio R = −1 in air at room temperature. The both sides of the specimen surface were replicated with cellulose acetate replication sheets under the maximum and minimum applied stresses. The observation of the crack initiation process was made retroactively from the fracture to crack initiation on the replication sheets by AFM (Seiko Instruments Inc.: SPI3800N) and on the specimen surface by SEM (JEOL: JSM-6330F). In this paper, AFM images of the replication sheets, negative images of the actual specimen surface, are reversed to coincide with the actual surface geometry.
2. 3 OIM observation by EBSP and analytical parameters of IPF, GOS and KAM The measurement of crystallographic orientation was conducted by orientation imaging microscopy (TexSEM laboratory: Orientation imaging microscope) based on EBSP. Specimen surface was polished by colloidal silica before EBSP measurement. Three parameters were utilized for the analysis of crystallographic orientation: inverse pole figure, IPF, grain orientation spread, GOS, and kernel average misorientation, KAM. GOS is defined as the average of misorientation angles between all measurement points in a grain, whether a pair of two points for the calculation is adjacent or distant. The value is a measure for the orientation consistency throughout the grain. KAM is the average misorientation of a measurement point with all of its neighboring points. It differs from GOS in that KAM is calculated only between the neighboring point without considering distant points and that the value is not assigned to a grain but to each measurement point. If a point possesses a large KAM value, large plastic strain is expected to be introduced around the point. faces under the maximum stress of P max = 250 MPa and the minimum stress of P min = −250 MPa presents little difference. The difference of the geometry between P max and P min was negligible regardless of the number of fatigue cycles or applied stresses until a fatigue crack was formed. This is attributed to the fact that a fresh slip plane formed by extrusion or intrusion instantly becomes oxidized and irreversible because of the exposure to air. Even though an extrusion is not reversed into an intrusion in the same stress cycle, the height of extrusion and the depth of intrusion increased with the number of fatigue cycles. The other M specimens under different applied stresses in LS and LT directions resulted in the same crack initiation process. It is concluded that a fatigue crack initiates from simple slip lines within a grain in the mediumgrained specimens. Figure 6 shows the scanning electron micrographs of the surface of UF specimen fatigued under σ max = 290 MPa at N = 2.6 × 10 5 before the fracture at N f = 3.8 × 10
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5 . The image in (a) shows simple slip lines, which were observed on the surface of M specimens as well. Though those slip lines were observed in places, none of them led to the formation of the main crack in UF specimens. The image in (b) shows the complex slip deformation, larger irregularities on the surface in contrast to the simple slip lines. This complex slip deformation was hardly observed on M specimens and is characteristic of UF specimens. Fatigue cracks in UF were found to initiate from the area with the concentrated complex slip deformation. Those two types of slip deformation, simple slip lines and complex slip deformation that results in the crack initiation, were observed in all UF specimens regardless of the applied stress levels or specimen orientation.
The mechanism to form the simple slip lines was investigated by crystallographic orientation analysis based on EBSP. Figure 7 shows the grain orientation spread (GOS) map of the area corresponding to the SEM image of simple slip lines in Fig. 6 (a) . In this analysis, a boundary between two measurement points with the misorientation angles exceeding 5 degrees is considered a grain boundary. The thin lines in Fig. 7 represent subgrain boundaries with the misorientation angles above 2 degrees. The value of GOS is presented by the gray scale above the figure with the misorientation angle of 0 degrees in black and 6 degrees in white. The grain at the location F with intense simple slip lines, as in Fig. 6 (a) , possesses the largest GOS in the area, indicating that large plastic deformation is introduced by the slip lines resulting in the subdivided portions and their rotation in the grain. The crystallographic orientation at the location F is presented in Fig. 8 . The Schmid factors, κ, of the 48 slip systems in the bcc lattice were calculated based on the orientation shown in the inverse pole figure and the loading direction. Three of the slip systems with the largest κ are presented in Table 3 . and is expected to introduce a slip line with the angle of 53 degrees from the loading axis on the specimen surface when it is activated. The result of the observation on the specimen surface in Fig. 6 (a) Table 3 Slip systems and Schmid factors at position F in Fig. 7 with simple slip lines imen surface and that the initiation behavior of the slip lines is explainable by the Schmid factor. According to the result of EBSP measurement, the simple slip lines observed on M specimens are considered to initiate based on the same mechanism as the simple slip lines in UF.
In order to clarify the generation mechanism of complex slip deformation that results in the fatigue crack initiation, the detailed observation was made in UF specimens. Figure 9 shows the AFM images of a crack initiation site in UF specimen in LS direction under σ max = 290 MPa with N f = 3.8 × The crystallographic orientation analysis was conducted to investigate the mechanism to form the complex slip deformation based EBSP measurement in combination with AFM and SEM. The SEM image in Fig. 10 (a) shows the global view around the position of fatigue crack initiation in the same specimen as in Fig. 9 at N/N f = 6.9 × 10 −1 . The corresponding AFM image before the fatigue test is presented in (b) with the superimposed SEM image of the crack in (a). The area of the complex slip deformation extends over 6 boundaries in the direction of crack propagation between I and J. The GOS map for the lower half of (a) is presented in (c). In the figure, grain boundary is defined as the boundary between two measurement points with the misorientation angles exceeding 5 degrees. Some boundaries around the crack initiation position of H are located within one grain in the GOS map, indicating that the position of H is on a subgrain boundary surrounded by the subgrains. The grain at the position of H, consisting of the subgrains, is in bright gray with a large GOS value, showing that large plastic strain is introduced by the complex slip deformation resulting in the increase in misorientation within the grain. All of the grains around H in the same stretch of the complex slip deformation are in bright gray and the misorientation angles between them are less than 10 degrees. Therefore, those grains are treated as a colony of grains at crack initiation and presented by the KAM value in (d). The KAM map shows that the value is higher around the boundaries and lower in the middle of the grains. Based on the comparison with the observation by AFM in Fig. 9 , where the complex slip deformation tends to be formed at the boundaries in contrast to the simple slip lines formed in the middle of the grains, larger plastic strain is introduced by the complex slip deformation than by the simple slip lines. An example of the misorientation distribution within a grain is presented in sults show that the boundaries induce the accumulation of the simple slip and formation of the complex slip deformation.
The inverse pole figure of the colony of the grains in Fig. 10 is presented in Fig. 11 . It is found that the specimen surface, LS plane, predominantly contains {101} planes and that the side surface, LT plane, mainly possesses {111} planes. Based on the result in Fig. 11 , Schmid factors, κ, for the colony was calculated and presented in Table 4 . The results show that 33 out of 48 slip systems in the bcc lattice are active in the colony with the slip direction of 111 . Table 4 . However, the slip lines with those angles were not observed on the specimen surface. This is considered to be due to the large difference between the third and fourth Schmid factors. Therefore, the slip systems that exist in the colony are the above-mentioned 6 systems. Figure 12 shows the AFM image and the schematic of the complex slip deformation based on the cross slip activated by the combination of the 6 slip systems. The cross slip (i) is produced by slip of {123} 111 followed by {110} 111 and {112} 111 based on the result of the retroactive observation on the replication sheets by AFM. The slip of {110} 111 after {123} 111 is expected to yield the cross slip (ii). The cross slip (iii) is formed by the combination of {123} 111 and {112} 111 . UF specimens under different applied stresses in LS and LT direction showed the same crack initiation process. Fatigue crack initiation process in UF is summarized as follows: Simple slip lines are formed in a grain within less than 1% of the fatigue life. Some grains contain only simple slip lines as observed in M specimens, while others comprise complex slip deformation, depending on the crystallographic orientation of the grains. Simple slip lines in the grain with the orientation that potentially forms the complex slip deformation experience the resistance as they approach the boundary. This results in the activation of other slip systems, some of the 6 slip systems with large Schmid factors, which introduce cross slip observed as the irregularities on the specimen surface. A fatigue crack initiates at the boundary between the grains with concentrated cross slip. In the vicinity of the boundary with intense cross slip, the strain concentration is larger as confirmed by the KAM map in Fig. 10 (d) . A fatigue crack initiates from the precipitation or a step at the boundary due to the increasing mismatch strain as the number of stress cycles increases. Though simple slip lines are formed in places, none of them leads to the formation of the main crack. One of the reasons why the cross slip is formed only in UF is considered to be the effect of the grain size. Due to the small grain size, the stress intensity factor of the slip line within a grain does not grow large enough to propagate through the boundary before it reaches the boundary, resulting in the suspension or deceleration of the slip and activation of the other slip systems in the same grain. The comparison of the surface morphology under the maximum and minimum applied stresses shows little difference at crack initiation and an early stage of fatigue crack propagation. Figure 13 shows the Hall-Petch relation between fatigue limit, σ W0 , and the inverse square root of grain size. The open triangle marks represented by the solid line are other results of ferritic-pearlitic steel (8) - (17) . The result of M specimen, open square mark, coincides with the conventional line, whereas the result of UF specimen, open circle mark, is lower than the value expected from the Hall-Petch relation, dotted circle mark. This is attributed to the texture developed in UF specimens as presented in Fig. 14. The pole figure for (200) plane was measured by X-ray diffraction using Fe-K α radiation. The result shows that (100) planes are preferentially aligned with the LT plane in UF specimens. Because of the texture, low angle grain boundaries become predominant and the colonies of subgrains are more likely to be introduced. In comparison with randomly oriented ferritic-pearlitic steel with predominant high angle grain boundaries, UF specimens are considered to exhibit lower resistance against the propagation of a slip or fatigue crack due to the prevailing low angle subgrain boundaries. Moreover, the suspension or deceleration of the slip at the boundaries leads to the formation of the cross slip with increasing plastic strain around the boundary, which results in the crack initiation. Those are considered to be the causes of the decrease in σ W0 in Fig. 13 . The colony of subgrains in the same spread of the cross slip behaves as a larger grain in the process of crack initiation as hereinbefore mentioned. Since the cross slip spreads over 6 subgrains as shown in Fig. 10 , the size of the colony is estimated to be approximately 6 times larger than the size of the subgrains. The fatigue limit plotted by the size of the colony is presented in Fig. 13 as well by open circle mark with a cross. It is higher than the value expected from the Hall-Petch relation. This is considered due to the existence of the subgrain boundaries that exhibit resistance against slip and fatigue crack propagation in the (200) colony, differently from an ordinary grain with no interior barriers. It was found that the relation between the fatigue limit and grain size of UF specimens does not conform to the Hall-Petch relation of conventional ferritic-pearlitic steel due to the texture and cross slip. Even though the texture in UF acts to lower the fatigue limit to some extent, it is considered to be the predominant factor to increase the resistance against a long fatigue crack introducing crack bifurcation. It is concluded that UF specimens possess fairly well-balanced fatigue property owing to the texture.
3 Hall-Petch relation
Conclusions
Fatigue tests were conducted in the ultrafine-grained and medium-grained steel specimens. The effect of the microstructure and orientation on fatigue crack initiation was investigated by crystallographic orientation analysis based on EBSP in combination with AFM and SEM. The results are as follows:
( 1 ) Fatigue crack initiation in UF is characterized by the formation of complex slip deformation as well as simple slip lines. The fatigue crack initiates at the boundary between the grains with concentrated complex slip deformation. Simple slip lines do not lead to the formation of the main crack. The comparison of intrusions and extrusions showed little difference under the maximum and minimum stresses in both UF and M specimens at an early stage of fatigue cycles.
( 2 ) Fatigue crack initiation in M specimens is from simple slip lines within grains. The complex slip deformation formed on UF specimens is hardly observed on M specimens.
( 3 ) Crystallographic orientation analysis by EBSP revealed that the complex deformation was formed by cross slip of active slip systems with the largest Schmid factors. Grain boundaries induce the suspension or deceleration of the initial simple slip and subsequent activation of the other slip systems resulting in the formation of the cross slip. The experimental results confirm that large plastic strain is introduced in the vicinity of the grain and subgrain boundaries.
( 4 ) The relation between the fatigue limit and the grain size in the ultrafine-grained steel does not conform to the Hall-Petch relation of conventional ferritic-pearlitic steel. The difference is explained by the existence of the texture, cross slip and subgrain boundary.
